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Abstract
In some plants, developmental changes of phyllotaxis are so frequent that the 
whole spectrum of phyllotactic patterns becomes available for investigation and 
thus many unknown subtleties of phyllotaxis come to light. Among these, Magno-
lia acuminata is the most prominent. In a series of experiments performed in silico 
with application of a simple geometric model of phyllotaxis, we were able to con-
front the empirical data on phyllotactic transitions occurring in magnolia flowers 
with the results of computer simulations. They revealed that in addition to the ratio 
between the sizes of plant organs, the history of developing pattern was also im-
portant, especially for the direction of ontogenetic changes. The parameters of size 
tolerance and vertical tolerance in positioning a new element in the first available 
space, brought the effects of simulations closer to the real patterns. They helped 
especially to resolve the enigma of multiplication of parastichies (γ-dislocations) 
observed sometimes during determined growth of magnolia floral axes. We con-
clude that ontogenetic changes in phyllotaxis result mainly from changing sizes of 
organs in the course of development and that the changes do not always occur with 
mathematical accuracy.
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Introduction
Regularity of phyllotaxis, distribution of lateral organs in a cylindrical plant shoot, is 
one of the keystone problems in structural biology. The phyllotactic pattern, follow-
ing the basic principles of Euclidean geometry, represents an interesting example of a 
universal system, in which the elemental units of the pattern are packed on the surface 
of a cylinder. Their orderly arrangement allows the comparison of a plant shoot to a 
cylindrical crystal. This living crystal grows because new units are constantly being 
added to its upper end. A similar structure, but on hierarchically different levels of 
matter organization, have: cylindrical molecules – inorganic and organic, often chiral 
nanotubes [1–5], microtubules that are sometimes not only chiral but have change-
able number of protofilaments [6], membrane nanotubes in cell-to-cell connections 
[7], stromules interconnecting plastids and other organelle extensions [8,9].
Packing units on the surface of a cylinder may have many solutions, thus it is easy 
to predict that the quality of phyllotactic pattern should vary. The empirical stud-
ies proved that indeed there are many phyllotactic patterns in nature. Some of them, 
being an intrinsic property of a plant, are in fact the species-specific traits of taxo-
nomic significance. There have been numerous attempts to structure this phyllotactic 
diversity into a system of classification. The most robust is the division of the patterns 
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into two categories: achiral and chiral ones. In achiral patterns, the opposite (S – ori-
ented to the left and Z – oriented to the right) lines connecting lateral organs in on-
togenetic sequence are inclined to the longitudinal axis at the same angle, whereas in 
the chiral patterns the two angles are different. From the latter patterns, one seems to 
be best known and most frequently encountered, namely the main Fibonacci pattern 
present, among many other species, in a model plant Arabidopsis thaliana, both in its 
rosette and in the inflorescence. In our earlier work, we had attempted to explain the 
prevalence of this pattern in plants by its developmental stability [10].
It should be mentioned, however, that there are plants like Torreya or Cephalo-
taxus exhibiting main bijugy as a dominant chiral pattern [11–14]. Separating the 
two main types of patterns, as useful as it is in taxonomy, does not seem to be fully 
justified in light of numerous observations of developmental, ontogenetic changes of 
one pattern into another occurring in phylogenetically different genera of plants: in 
Lycopodium [15], Juniperus [16], Thuja [17], Magnolia [18–20], Verbena [21], Anagal-
lis [22], and many others. Taking into account that all eudicots, which have at maturity 
chiral phyllotaxis, start their development from an achiral, whorled pattern of oppo-
site cotyledons, and that their flower has again a whorled architecture, which has been 
beautifully demonstrated for Arabidopsis [23], these transformations must be treated 
as natural and very common.
The question is what causes this phyllotactic diversity and especially these onto-
genetic transitions? It is plausible to assume that these phenomena are the results of 
unstable geometry of a developing shoot apical meristem (SAM) and variable sizes of 
lateral organ primordia. These parameters are genetically controlled as shown by the 
phenotypes of wushel and clavata mutants [24–28] or abphyl mutants [29–31]. Geo-
metric changes are notably associated with seasonal changes in apex organogenic ac-
tivity, especially with the sequential changes of organ identity. In the vegetative phase 
of development, in consecutive flushes of the shoot axis, the primordia of cataphylls 
follow the primordia of the leaves proper. This case is best illustrated by Torreya, where 
large primordia of winter bud scales are initiated in an achiral, decussate pattern of 
phyllotaxis, the subsequent needle primordia, evidently smaller, are arranged in a he-
lical, bijugate manner [14]. With the transition to the generative phase, the primordia 
of the leaves proper change their identity to inflorescence bracts or flower parts. In 
Epilobium [32], Verbena [21], and in a model plant Antirrhinum [33,34] vegetative 
phyllotaxis is decussate but it changes into helical in the inflorescence. In the floral 
meristems, the primordia of sepals are followed by primordia of petals, stamens, and 
carpels. In the Magnolia flower, the initial phyllotaxis of the large perianth primordia 
is tricussate, whereas the arrangement of much smaller primordia of stamens and 
carpels is helical [18–20,35,36]. Sometimes, however, transitions are observed that are 
not associated with the change in organ identity – in Magnolia vegetative shoots the 
initial distichy changes into the spiral arrangement of leaves (Fig. 1) and in its flowers, 
within the domain of apocarpic carpels, one chiral pattern often transforms into an-
other [18–20]. There are also situations when organ identity changes but phyllotaxis 
does not, as in Arabidopsis, where phyllotaxis of the leaves proper in a rosette is in 
principle the same as that of the bracts in the inflorescence.
The aim of the study was to explain some phenomena associated with ontogenetic 
changes of phyllotaxis, observed especially in magnolia, our model plant (Fig. 1), 
where floral phyllotaxis is diverse and phyllotactic transitions frequent. To do this, we 
performed the experiments in silico analyzing the effects of developmental changes 
in the sizes of lateral organ primordia. We used a previously developed, special com-
puter program “Phyllotaxis” [21] with some new features added in the course of the 
study. In many variants of computer simulations, we were able to demonstrate that 
within the frame of general tendencies of increasing or diminishing the primordia 
size the fluctuations in the rate of the changes are necessary to obtain some observ-
able effects in natural phyllotactic lattices. We were particularly interested in the 
conditions facilitating the appearance of dislocations – the peculiar defects of these 
lattices associated with pattern transformation. In material science, the edge disloca-
tions are the linear crystallographic defects present locally in a crystalline material. 
They appear there, where a new plane of crystal units (atoms or molecules) is added 
to the regular crystal structure [37–39]. In the planar array of units, perpendicular 
to the extra plane, they appear as bifurcations of the imaginary lines connecting the 
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units. The analogous dislocations can be 
seen in a polar phyllotactic lattice when 
a new parastichy emerges between exist-
ing two, or, conversely, when two existing 
parastichies unite. The appearance of but 
one dislocation in the phyllotactic lattice 
means a total reconstruction of phyllotac-
tic pattern [40,41].
Material and methods
Preparation of plant material
Floral buds of Magnolia acuminata trees 
were harvested in June, i.e., at the time 
when the embryonic flowers start form-
ing primordia of stamens and carpels for 
the next blooming season. The buds were 
stored in the fridge before dissecting and 
making their permanent copies in the form 
of epoxy casts. The technique of micro-
relief replicas of the apex surface had been 
used according to the procedure described 
by Williams and Green [42]. The silicon 
dental impression compound Reprosil®, 
a product of Dentsply International Inc., 
was used for making nontoxic moulds. 
They were filled subsequently by Spurr’s 
liquid epoxy resin; the polymerized casts, 
after hardening, were sputter coated.
After blooming season in the second 
half of July, the floral shoots that have not 
been pollinated are massively aborted from 
magnolia trees. They were collected from 
the ground. Their gynoecial part is sturdy 
enough at this stage to make modeling clay 
replica possible (Fig. 1c). Before that, phyl-
lotaxis of each gynoecium was determined 
by counting opposite parastichies and re-
cording their numbers in the as:bz formula 
(Adler’s opposed parastichy pair [43] supplemented by the s and z indices of paras-
tichy orientation). The most interesting cases were selected for copying. A piece of 
commercially available modeling clay was flattened and over its smoothened surface 
the cylindrical gynoecium was rolled by more than 360 degrees to make sure that the 
same pattern element – marker of the surface – was replicated twice on the opposite 
sides of the replica. The clay replicas were then photographed with a digital camera 
Olympus SP-565 UZ. The images show the surface of the gynoecium as seen from the 
inside of the shoot, thus the chirality of each phyllotactic pattern is opposite to the real 
one. To avoid confusion, we labeled them on the images as seen. The peculiar optical 
effect allows the perception of the copied negative image of the surface as a positive 
one. This illusion comes from a subjective decision where the light comes from.
Microscopy
Sputter coated resin casts of floral apices of magnolia were photographed in epi il-
lumination using an Olympus BX50 Microscope, Olympus Camera DP71 and Cell B 
Software (Olympus Optical Co., Poland). Images were taken sequentially at different 
Fig. 1 Overview of Magnolia structures suitable for phyllotaxis research. 
a Young vegetative shoot of M. salicifolia: the initial distichy is followed by 
the main Fibonacci pattern. b Flower of M. acuminata with characteristi-
cally elongated floral axis enfolded in a trimerous perianth and covered by 
numerous, helically arranged, stamens and carpels. c Aborted floral shoot 
of the same magnolia after blooming. d Sputter coated epoxy replica of the 
floral apex of M. acuminata with the 6s:8z pattern of the Lucas bijugy, two z-
oriented ontogenetic helices connect the carpel primordia numbered in each 
pair with and without an accent.
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optical levels of each apex. Then, we used the focus stacking technique with the help of 
the Helicon Focus 6 program, a product of Helicon Soft Ltd (http://www.heliconsoft.
com). The resulting images were comparable or sometimes even better to those ob-
tained in a scanning electron microscope (SEM). This method is much faster and less 
expensive by far than using SEM. The phyllotaxis of each apex on the final compound 
image was determined by means of counting parallel parastichies in each set of the 
opposed parastichy pair. Subsequent primordia were numbered decreasingly in order 
of their initiation.
Computer program
For the experiments in silico, we used the upgraded version of the “Phyllotaxis”– a 
computer program written by the second author of this work. The phyllotaxis model, 
on which the program was based, was already described in our previous work [21]. 
The most important assumptions of this model are: (i) an infinite cylinder of a con-
stant width as simulation space, (ii) primordia as circles of a changing radius, and (iii) 
primordia emerging in the first available space, in lowest possible position between 
the two neighboring, already existing primordia. In Fig. 2, we show the simulation 
window with a panel, which allows changing parameters of computer simulations. 
The images of the panels were always taken and stored together with the images of 
simulation visual effects. They are available in supplemental materials. The most im-
portant parameters are: (i) the initial pattern (green circles) set up arbitrarily by se-
lecting parastichy numbers and the angle of their intersection, (ii) the rate of increase 
or decrease in primordia size in two consecutive stages of simulation (red and blue 
circles), in which this rate can be different, (iii) size and vertical tolerance available in 
stage one only. The latter two parameters are new. Size tolerance means that the size 
of primordia, changing systematically, may vary at random within a certain range 
of diameter values – each consecutive circle may be a little smaller or bigger than 
expected from ongoing continuous change in its size. Vertical tolerance in turn means 
that primordium is not always initiated in the lowest position in the first available 
Fig. 2 Window of a computer program “Phyllotaxis”. The parameters of simulation are given in a 
grey panel. They have always been recorded and stored together with the images presenting visual 
effects of simulations. This information for all the cases analyzed further is available in Fig. S1.
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space. This obviously increases the number of possible initiation sites. The selection of 
a particular site affects further development of phyllotactic pattern in a different way 
than the selection of any other site.
The program is suitable for quantitative analysis – it records the position and the 
size of each successively emerging element in a simulation space.
Results
As already mentioned, the ratio between the size of initiated organ primordium and 
the size of organogenic surface of the shoot apical meristem is important for the qual-
ity of emerging phyllotactic pattern. Plant shoot development is a dynamic process 
involving changes in the ratio by modifying either one of the two parameters or both 
simultaneously. When the apex circumference is reduced, relative to the size of pri-
mordia, the expression (order) of the phyllotactic pattern decreases and so does the 
number of conspicuous parastichies in the opposed parastichy pair [43]. In the op-
posite situation, with a rising order of phyllotaxis, the number of contact parastichies 
is increased.
In our experiments, we applied the changes in primordia size only. The primordia, 
represented by the circular units, were positioned one after another in a constant sim-
ulation space, observing the principle of filling the first available space in the lowest 
possible position [44–46]. The model and its assumptions were the same as described 
in our previous works [10,21].
Phyllotactic transitions
When all new primordia were of the same size, the initial pattern set up at the begin-
ning of simulation was propagated indefinitely unaltered (Fig. 3a–d). Only when the 
changes in primordia size were applied did pattern transformations become possible. 
When the changes were continuous, i.e., the size of each consecutive primordium was 
bigger or smaller by the same fraction of the size of the preceding primordium, the 
expression of the initial chiral pattern was changing but the pattern itself did not – the 
parastichy numbers still belonged to the same mathematical series. This situation can 
be seen in the upper portions of the virtual shoots with the primordia decreasing in 
size in Fig. 3e–g. The parastichies change there in the following sequence: 1s:2z → 
2z:3s → 3s:5z → 5z:8s … for the main Fibonacci (Fig. 3e), 2z:4s → 4s:6z → 6z:10s … for 
the main bijugy (Fig. 3f), or 3z:6s → 6s:9z → 9z:15s … for the main trijugy (Fig. 3g). 
In a course of these transitions, the primordia packing switched between tight and 
loose. Both these states differ significantly in how effectively the organogenic space 
is being used, even though the pattern quality is practically the same, as in Fig. 3a–d. 
Stabilizing primordia size at any moment of growth would naturally promote only one 
of these conditions in further development.
However, we also noted that under some circumstances the same continuous 
changes in primordia size might lead to discontinuous, qualitative changes of phyl-
lotaxis – to the transformation of an achiral pattern into a chiral (Fig. 3e–g,j – bottom 
parts) and vice versa (Fig. 3h,i) or even to the transformations between different chiral 
patterns (Fig. 3k,l). In some cases, the rearrangement of pattern elements proceeded 
smoothly (Fig. 3e–i), in others the moments were clear when, due to the continuous 
change in primordia size, the preceding pattern in its lowest expression entered the 
state of instability (Fig. 3j–l). This very interesting developmental situation and its 
causes have been described and discussed in our previous work [10].
The entirely new observation was that the same Lucas pattern changed into the 
main Fibonacci one with or without the reversal of ontogenetic helix depending upon 
the history of the virtual shoot (Fig. 3k,l). Two qualitative transformations shown in 
Fig. 3k result in the chirality of the final pattern different that in Fig. 3l, where trans-
formation is only one. In both simulations, though the rate of change in primordia 
size is the same. In a vast majority of these particular transitions (Lucas – Fibonacci) 
recorded in nature, the reversal of ontogenetic helix was noted [18,47].
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Fig. 3 Various phyllotactic lattices in computer simulations. a–d Different efficiency of packing 
elemental units (circles) on the split-open surface of a cylinder; tight and loose packing into 2s:2z 
achiral decussate pattern (a,b) and the same for the 1z:2s chiral, main Fibonacci pattern (c,d). 
e–l Pattern transformations resulting from the continuous decrease (e–g) or increase (h–l) of el-
emental unit size; achiral patterns change into chiral (e–g,j) and vice versa (h,i); 1s:1z distichy 
changes into 1s:2z main Fibonacci phyllotaxis (e), decussate 2z:2s pattern into 2z:4s bijugy (f), 
tricussate 3z:3s into 3z:6s trijugy (g), 1s:2z into distichy (h), bijugy into decussate (i), trijugy into 
2s:3z Fibonacci (j), 1z:4s first into 1z:3s then into 1s:2z (k) and 1z:3s into 1z:2s (l); single parastich-
ies disappear from the lattice in j–l. The developmental sequence of patterns is from the bottom up. 
Green color marks the initial pattern, red – the resulting pattern; the surface of a cylindrical virtual 
shoot is shown as a split open rectangular simulation space; the same pattern element on opposite 
margins of the space is marked with the same but bright and dull color. Here and on subsequent 
figures every centennial unit of the vertical scale is labeled: 100, 200, etc.
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Notably, in some of these simulations, where the continuous change in primordia 
size was applied, clear dislocations could be seen. These were the same defects of phyl-
lotactic lattice, as observed earlier in the reality of plant shoot development. What are 
the dislocations and what is their meaning for the phyllotaxis of the shoot?
Dislocations in vivo
In the natural discontinuous transitions of phyllotaxis in coniferous vegetative shoots 
or in magnolia flowers [14,38,39], when the pattern changes qualitatively – the para-
stichy numbers from the opposed parastichy pair before and after transition belong 
to the different series, e.g., 3:4 → 3:5. This is accomplished through dislocation – a 
peculiar event, which takes place usually in one set of parastichies only. Two paras-
tichies unite in a phyllotactic lattice producing the effect further called λ-dislocation 
(Fig. 4a,b) or one of the parastichies bifurcates resulting in γ-dislocation (Fig. 4c,d). 
Both types of dislocations in phyllotactic patterns have been encountered in nature. 
The first to notice the phenomenon of missing or additive parastichies was Church 
[48]. In his classical work, there is a photograph of Dipsacus inflorescence, where 
these ephemeric parastichies are labeled with broken lines. Church did not analyze 
closely the meaning of these effects for the whole phyllotactic pattern. It was not until 
the number and orientation of parastichies before and after dislocation were recorded 
that we suddenly realized the significance of dislocations. It appeared that phyllotactic 
transitions occurring through dislocations put in question the real meaning of many 
descriptive concepts used traditionally in the theory of phyllotaxis such as divergence 
angle or ontogenetic helix. Only one λ-dislocation in a 4:8 tetrajugate pattern trans-
forms it into a Lucas 4:7 pattern (Fig. 4a). The initial four ontogenetic helices are 
reduced to one. The same initial pattern may change into the 5:8 main Fibonacci phyl-
lotaxis (Fig. 4d). In this transition, again only one γ-dislocation causes the reversal of 
ontogenetic helix course and an increase of the divergence angle from 34.4° (137.5°/4) 
to 137.5°. Similarly, the very rare 3:8 pattern with one ontogenetic helix and diver-
gence of 132.7° changes either into trijugy (Fig. 4b) or tetrajugy (Fig. 4c), with three 
and four ontogenetic helices, respectively. All together, in the four floral shoots shown 
in Fig. 4a–d, six different patterns are present.
Dislocations in silico
In modeling shoot apex development and its organogenetic activity, we have been 
able to reproduce both of the above defects in a phyllotactic lattice associated with 
ontogenetic transformations of phyllotaxis. As expected, a continuous increase in 
primordia size resulted in a decrease in the number of parastichy – via λ-dislocation 
(Fig. 4e), whereas a continuous decrease in primordia size caused the appearance of 
γ-dislocation (Fig. 4f).
However, through the continuous increase in primordia size it was not possible to 
obtain in silico the situation, observed sometimes in these real lattices of magnolia, 
in which γ-dislocations occurred in a carpel domain (Fig. 4c,d). These were rather 
puzzling effects in light of the fact that the floral apex with its determinate growth, at 
the final developmental stage of producing carpel primordia, should not allow for the 
multiplication of parastichies. The determinate growth means cessation of prolifera-
tive divisions in the population of the stem cells and this leads to unavoidable decrease 
in the ratio between the size of the organogenic surface and the size of primordia. One 
should expect only λ-dislocations in this case. Then we have noticed that in virtual 
magnolia flowers, the pattern of the terminal part of the floral axis (carpel domain) 
depended upon a very small change in a number of virtual stamens even when all 
other parameters of the simulations were the same (Fig. 5a,b). It immediately became 
clear that the profile of the interface between the domains of stamens and carpels was 
decisive for the ultimate pattern of floral phyllotaxis present in a carpel domain.
Inspired by this observation, concordant with the described above impact of phyl-
lotactic system’s history on the quality of a pattern emerging from transition (Fig. 3k,l), 
we introduced to our simulations the tolerance parameters.
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The significance of tolerance parameters
Two tolerance parameters added to our computer program as options and used in fur-
ther computer simulations were (i) size tolerance and (ii) vertical tolerance. Introduc-
ing size tolerance, we have assumed that in nature the consecutive units of emerging 
phyllotactic pattern are neither exactly of the same size nor do they change their size 
by exactly the same fraction of the former size, which is practiced in many mathemati-
cal geometric models. It is also clear that the initiation of any new pattern element 
may not always take place in the lowest possible position, as required by the Snow 
and Snow and Hofmeister rules [44–46]. We have earlier pointed out that the first 
available space may sometimes be big enough to accommodate the emerging pattern 
element in two equivalent positions [21]. Hence, a parameter of vertical tolerance, 
together with the parameter of size tolerance, by virtue of increasing the number of 
equivocally determined initiation sites in the first available space, should be consid-
ered as very important factors affecting the frequency and the course of phyllotactic 
transitions.
Fig. 4 Properties of the real and virtual lattices with phyllotactic transitions. a–d Modeling clay replicas of Magnolia acu-
minata floral shoots with phyllotactic transitions accomplished through λ-dislocations (a,b) and γ-dislocation (c,d); e–g The 
same dislocations in virtual lattices as the results of developmental increase (e,g) or decrease (f) in primordia size; in e,f the 
change in size is continuous, in g it fluctuates due to applied size tolerance, which causes the appearance of γ-dislocation; single 
dislocation changes 4:8 tetrajugy into 4:7 Lucas (e), achiral tetracussate into 4:5 chiral pattern (f) and tetrajugy into main Fibo-
nacci pattern (g); if the rate of the decrease in f were different, this pattern would transform smoothly into tetrajugy, similarly 
as the patterns shown in Fig. 2e–g; the virtual transition in g is the same as the real one in d.
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Application of size tolerance resulted 
in the appearance of γ-dislocation under 
circumstances of the systematically de-
creasing ratio between the size of the 
organogenic surface and the size of a 
phyllotactic pattern element (Fig. 4g). 
This decrease is expected for the shoots 
with determined growth. In our simula-
tions it was obtained by increasing the 
primordia size. The most important 
conclusion from this experiment is that 
the appearance of γ-dislocation in a real 
plant system does not reliably reflect the 
direction of developmental changes in 
the shoot apical meristem’s geometry. 
They may appear in these shoots where 
the ratio was increasing as well as in 
those where the decrease of this param-
eter was taking place.
Using tolerance parameters we have 
also succeeded in transforming in silico 
a peculiar 3:8 pattern into the pat-
tern different than the main Fibonacci 
(Fig. 6c). This extremely rare pattern 
emerges sometimes in magnolia flow-
ers, in the lower part of gynoecium 
(Fig. 4b,c and Fig. 6d) probably as a 
result of rapid, discontinuous change in 
the size of primordia switching from the 
stamen to carpel identity. In silico, in a 
continuous transition, when the size 
of primordia constantly increases, this 
pattern changes without exception into 
the main Fibonacci pattern, regardless 
of the rate of the increase (Fig. 6b). The 
opposite tendency increases this pat-
tern’s expression only (Fig. 6a). Size tolerance together with vertical tolerance caused 
the 3:8 pattern’s qualitative transformation into the 4:7 Lucas pattern (Fig. 6c). Inter-
estingly, it was identical with the real one, which is relatively frequent in magnolia 
flowers (Fig. 6d). In both cases, γ-dislocation and λ-dislocation appear in the same 
area of the lattice and 11 parastichies continue their course unchanged from one pat-
tern to another (Fig. 6c,d).
It is likely that the tolerance is responsible for the qualitative changes of the main 
Fibonacci pattern, that have been documented in the natural plant systems [18,47]. In 
computer simulations, the pattern appears to be the most stable pattern of all, under 
circumstances of perfectly continuous change in primordia size [10,21].
Discussion
Ongoing quest for the mechanisms of robustness in phyllotaxis in experimental plant 
biology [49,50] is heavily affected by the fact of relative stability of the main Fibonacci 
in a model plant Arabidopsis thaliana. The major challenge then is to find out the 
level of noise that guarantees maintenance of the pattern. Too much noise, caused 
for instance by mutations affecting “happy balance” of metabolic pathways, results 
in alterations of phyllotaxis such as reversal of ontogenetic helix, switch to distichy, 
etc., as mentioned by Mirabet et al. [49]. However, in light of the omnipresence of 
developmental phyllotactic transitions in plants, there is more discussion needed 
on what robustness of phyllotaxis really means. For instance, what does it mean 
Fig. 5 Two virtual floral shoots of magnolia differing in a profile of the inter-
face between the domains of stamens and carpels. The large perianth primordia 
are arranged in two trimerous whorls (green), they are followed by numerous 
small stamen primordia (red) and slightly bigger carpel primordia (blue); all pa-
rameters of both simulations are the same with one exception – the number of 
stamens in b is lower by one from that in a (red dot on the left), this small change 
makes a substantial difference: the final pattern in gynoecium zone (blue) in a is 
2s:3z main Fibonacci whereas in b it is 1s:3z Lucas; the chirality of ontogenetic 
helix (order of initiation) in both final patterns is different.
10 of 16© The Author(s) 2016 Published by Polish Botanical Society Acta Soc Bot Pol 85(4):3532
Zagórska-Marek and Szpak / Dislocations in phyllotaxis
“the  maintenance of the pattern” – mainte-
nance of its order (expression) or quality? 
The consequent, continuous change in size of 
organ primordia, proceeding without or with 
a very small noise, changes order of phyllo-
taxis but may also bring its qualitative change 
as demonstrated by our transition from Fibo-
nacci to distichy shown in Fig. 3h, the same 
as the one noted by Mirabet et al. [49] Yet, 
there are phyllotactic transitions that cannot 
be explained without introducing sufficient 
noise called in our paper tolerance. They are 
available for analysis in Magnolia floral axis, 
where phyllotaxis is extremely variable.
The field theory, widely accepted today, 
proposes that the regular spacing of primor-
dia, initiated at the shoot apical meristem, is 
due to existence of inhibition fields [51,52]. 
The biochemical factor required for their for-
mation is auxin concentration changing in 
the space of the shoot apical meristem’s sur-
face [53,54]. The size of the field is defined in 
physiological terms as the size of an area sur-
rounding each primordium where the auxin 
concentration is below the threshold required 
for the initiation of a new primordium. In our 
model, the sizes of the fields are visualized 
by the geometric sizes of primordia packed 
on the shoot apical meristem’s surface. This 
simple representation already used by other 
authors [55] allowed us to analyze the long-
range effects of the changes in the field size 
for phyllotaxis. We have obtained a whole 
palette of possible transformations of phyl-
lotaxis including those associated in many 
plant species with the developmental phase 
shift. We succeeded in transforming in silico 
the achiral into chiral patterns and vice versa. 
Developmental coexistence of these patterns 
has been earlier predicted by Douady and 
Couder [56] and further analyzed by Smith et 
al. [57]. Here, we would like to point out how 
concordant our results are with the analy-
ses of the sizes of apical meristems in maize 
plants with ABPHYL syndrome [29–31] or in 
dec mutants in rice [58]. Larger apical meri-
stem in these plants have helical or decussate 
phyllotaxis instead of distichous, which is 
typical not only for the WT rice and maize 
plants but also for the majority of monocots 
– grasses and orchids. Here, in Fig. 1 it can be 
seen that distichy is also present in the veg-
etative shoots of magnolia [59]. Among many 
other primeval traits it is likely evidence of 
the common ancestry of this early divergent 
lineage of flowering plants and monocots 
[19,60]. What is important, in our simula-
tions the ratio between the size of simulation space and the size of primordia in the 
case of distichy was the smallest (Fig. 3e,h). Apart from rather common changes in 
phyllotaxis, less known esoteric transitions occurring between various chiral patterns, 
Fig. 6 Transformations of 3:8 chiral pattern in silico and in vivo. The ef-
fects of continuous decrease (a) or increase (b) of primordia size in com-
puter simulation: in a the expression of the initial pattern is rising upward: 
3:8 – 8:11 – 11:19 …, in b – a quick change into 3z:5s Fibonacci takes place; 
application of tolerance parameters in c causes transformation of the 3z:8s 
pattern into the 4z:7s Lucas phyllotaxis; virtual transformation in c is iden-
tical with the real one recorded in modeling clay replica shown in d, it 
was obtained with application of tolerance parameters in a red zone, blue 
pattern elements are all of the same size; dislocations emerge in a blue zone 
as late effects of the former irregularities in a process of pattern formation.
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which often involve dislocations, have also been successfully reproduced in silico 
(Fig. 3k,l, Fig. 4e,g, and Fig. 6c).
Despite the intuitively correct prediction that the rapid changes in primordia size 
associated with developmental changes in organ identity should be the main factors 
affecting phyllotaxis, we have demonstrated that a continuous small change in pri-
mordia size may also lead to symmetry breaking in developing pattern and quali-
tative change in phyllotaxis (Fig. 3). The observation that phyllotactic transition is 
affected by the past history of developing phyllotactic system (Fig. 3k,l) and that the 
qualitative change of the pattern may be delayed to the moments when the geometric 
changes stabilize (Fig. 6c), is particularly important. This peculiar “butterfly effect” 
[61] may explain why phyllotaxis sometimes changes for no obvious reasons. The 
significant role of history in the development of phyllotactic patterns has been earlier 
shown through experiments performed in vivo [62] and in silico [57]. Last but not 
least outcome of this research is that in development the plants are not that math-
ematically accurate in “calculating” the geometry of their organs. Only this explains 
the phenomenon of γ-dislocations in determined floral shoots (Fig. 4g) or observable 
in vivo transformations of the rare 3:8 phyllotaxis (Fig. 6c). The tolerance means that 
the shoot apical meristem sequestring iteratively a poll of stem cells for the lateral 
organ primordium, takes sometimes a little more, sometimes a little less of them from 
the whole population. Or rather – using the terminology of the field theory – the 
inhibition field surrounding the primordium is once a little bigger and then a little 
smaller. This simply may be caused by the inherent noise of chemical reactions [63] 
that can be more or less efficiently filtered in biological systems [64]. Our analysis 
brings some interesting implications for the field theory – to explain the real develop-
mental changes in phyllotaxis, especially those interesting ones in magnolia, we must 
accept that the sizes of the fields are not constant but modulated – capable of dynamic 
changes. Changing organ identity for these is not required, as we have shown in our 
simulations of the continuous changes.
What may change the size of the field, then? One plausible factor is the efficiency 
of the auxin drainage by the developing primordium. The significant role of veins 
differentiating beneath the primordium in scavenging and absorbing auxin from the 
surface and later canalizing its flow downward has been very recently demonstrated 
[65]. The effectiveness of this process must affect the size of the inhibition field.
The other possible factor is the rate of auxin transport and biosynthesis, which may 
also modulate auxin concentrations outside the fields. The consequence of the auxin 
model [53,54] is that the new primordium at the shoot apex is initiated where the 
auxin concentration is sufficiently high. The possibility of modulating auxin concen-
trations by cytokinins and controlled expression of the genes such as PLETHORA or 
INDETERMINATE DOMAIN involved in auxin biosynthesis, transport and degrada-
tion is now being intensely studied [50,66–69]. The area between adjacent inhibitory 
fields corresponds to Snow and Snow’s first available space. We have shown earlier 
in our experiments in silico that this space may sometimes be big enough to accom-
modate more equivalent initiation sites than one [21]. Which one is chosen? Is this 
selection random? Or there is another modulatory mechanism involved? According 
to Steeves and Sussex [52], well before Larson [70], this possibility was considered and 
the vascular system was proposed to be a source of regulatory signals. It was Larson, 
however, who was first to provide solid evidence that the changes in the vascular ar-
chitecture are preceding the corresponding changes in the order of phyllotaxis taking 
place at the shoot apical meristem. Now, there is growing evidence that the signals 
moving acropetally from the developing strands of the primary vascular system may 
affect phyllotaxis by controlling initiation sites at the shoot apex and it cannot be 
excluded that this is through the auxin signaling. One may speculate that basipetal 
transport of auxin from the primordium acting as a sink, confined to procambial 
strands and later to the cambium of primary vascular bundles makes the hormone 
available for lateral diffusion to the adjacent, already differentiated protoxylem and 
xylem. Once it has entered these conducting elements, auxin would have to move 
back – up to the apical meristem. To date, auxin presence in xylem sap is yet to be 
demonstrated. That the signals coming from the vascular strands may indeed affect 
phyllotaxis, as postulated by Larson [70], has been revealed first in conifers [14] and 
then in the pin mutants of Arabidopsis [71]. In Torreya, phyllotaxis of the small needle 
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primordia is bijugate. When the large primordia of winter bud scales start emerging 
the phyllotaxis slowly changes into decussate. At the same time, the distance between 
the differentiated vascular strands and the initiation sites significantly increases. In 
other conifers, where the distance is maintained, such as Picea or Abies, phyllotaxis of 
the needles and bud scales is principally the same, it continues from year to year what 
may be called an example of axial homodromy. In Torreya, every consecutive year 
the chirality of bijugy is established de novo, at random, which is yet another proof 
of the shoot apical meristem being temporarily released from the influence of the 
vascular system. During further stages of needle primordia formation, the distance 
of the vascular system from initiation sites is small. Even more interesting facts are 
provided by the analysis of organogenesis in Arabidopsis mutants with the defective 
polar auxin transport. Banasiak [71] was the first to become intrigued by the fact that 
pin mutants are capable of producing healthy, well-developed leaves in the vegetative 
rosette, where the internodes are very short. She has shown that in bolting inflores-
cence the organogenesis is completely blocked in effect of growing vertical distances 
between the youngest protoxylem elements and the potential initiation sites of the 
apical meristem. Thus, it is possible that to the list of factors changing the size of 
the fields – cytokinins and genes regulating auxin biosynthesis and degradation, the 
acropetal vascular signaling will soon be added.
The whole scenario of the genetic regulation of phyllotaxis is very complex and is 
yet to be understood. Only one single mutation of the PERIANTHIA gene in Arabi-
dopsis changes its canonic tetramerous architecture into pentamery [72], also a single 
gene mutation of the ABPHYL gene in maize alters its phyllotaxis via enlarging the 
shoot apical meristem. Double cycloidea and dichotoma mutants in Antirrhinum do 
not only have peloric flowers, but except for the pistil they have six floral parts in each 
whorl instead of the five typical for WT plants [73].
The genetic regulation is behind the changes in organ identity, which are often, 
but do not have to be, associated with the qualitative changes in phyllotaxis. The new 
size of the inhibition field surrounding the new identity primordium is crucial. When 
the change in the size is abrupt – phyllotaxis transformation is expected. Sometimes, 
however, the changes must be small and then the same phyllotactic pattern continues 
from one phase of shoot development to another as in the sunflower or in conifers 
with axial homodromy.
In fact, there are many examples suggesting the independence of two genetic 
mechanisms which act within plant shoot meristem. One of them is the quite well 
known mechanism specifying the identity of lateral organs, the other, more enigmatic, 
is responsible for their spacing. In Magnolia stellata, the primordia already set up in 
a spiral manner, typical for the stamens, i.e., generative parts, develop subsequently 
into petals even though in the perianth petals are usually whorled in the genus [74]. 
The leaf-like organs in triple ABC mutant in Arabidopsis maintain floral whorled 
phyllotaxis, even though the leaves and bracts in this plant are spirally initiated. This 
situation much resembles the earlier reported case of Impatiens balsamina where in 
the reverted floral meristem the whorled floral distribution of now vegetative organs 
remains unaltered [75]. Similarly to Arabidopsis, the vegetative phyllotaxis in this 
plant is spiral.
We believe that in this work we have offered a new insight into all these individual 
cases. The results of computer simulations of the shoot growth allow us to see in a 
simplified way how changing sizes of inhibition fields, visualized as geometric sizes 
of the lateral organ primordia, may affect phyllotaxis, triggering (or not) phyllotactic 
transitions. The experiments in silico may become a powerful tool in our attempts to 
understand better the nature of changing phyllotaxis.
Conclusions
The experiments in silico confirm that the quality of phyllotactic pattern is determined 
by the ratio between the primordia size and the circumference of the shoot apical mer-
istem, but also by the history of the developing phyllotactic system. Even continuous 
changes in this ratio may bring qualitative changes in phyllotaxis involving transitions 
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between chiral and achiral patterns. The changes in the ratio and in phyllotaxis usu-
ally are but do not have to be associated with the change in the identity of plant organ 
primordia. Tolerance in positioning of primordia in the first available space explains 
the direction of some special phyllotactic transitions encountered in nature. Devel-
opmental addition of parastichies (γ-dislocation) is possible even when the surface of 
the shoot apical meristem decreases. The Magnolia flower is recommended as a model 
plant for phyllotaxis research because of its richness in phyllotactic spectrum. It gives 
us an insight into the subtleties of phyllotaxis not available in other plants.
The potential for ontogenetic changes in phyllotaxis of a growing plant shoot is 
great. In light of our findings, even though they explain why phyllotaxis changes and 
why it may be so diverse, it is still amazing how precise and strict the control of organ-
ogenesis must be in all these prevailing situations when the perpetuated phyllotactic 
pattern remains unaltered.
Acknowledgments
We thank Prof. Przemysław Prusinkiewicz for his continuous inspiration in our search for the 
Holy Grail of phyllotaxis. Talents and patient technical support of Ms Magdalena Turzańska at 
every step of this work had been our most valuable assets.
Supplementary material
The following supplementary material for this article is available at http://pbsociety.org.pl/jour-
nals/index.php/asbp/rt/suppFiles/asbp.3532/0:
Fig. S1 Panels with parameteres of simulations shown in subsequent figures of the main text.
References
1. Tenne R, Margulis L, Genut M, Hodes G. Polyhedral and cylindrical structures of 
tungsten disulphide. Nature. 1992;360(6403):444–446. https://doi.org/10.1038/360444a0
2. Mogilevsky G, Chen Q, Kleinhammes A, Wu Y. The structure of multilayered titania 
nanotubes based on delaminated anatase. Chem Phys Lett. 2008;460:517–520. 
https://doi.org/10.1016/j.cplett.2008.06.063
3. Armstrong AR, Armstrong G, Canales J, Bruce PG. Nanotubes with the TiO2-B structure. 
Chemical Communications. 2005;19:2454–2456. https://doi.org/10.1039/b501883h
4. Wang X, Li Q, Xie J, Jin Z, Wang J, Li Y, et al. Fabrication of ultralong and electrically 
uniform single-walled carbon nanotubes on clean substrates. Nano Lett. 2009;9:3137–
3141. https://doi.org/10.1021/nl901260b
5. Wang C, Liu S, Duan Y, Huang Z, Che S. Hard-templating of chiral TiO2 nanofibres 
with electron transition-based optical activity. Sci Technol Adv Mater. 2015;16:054206. 
https://doi.org/10.1088/1468-6996/16/5/054206
6. Chrétien D, Metoz F, Verde F, Karsenti E, Wade RH. Lattice defects in microtubules: 
protofilament numbers vary within individual microtubules. J Cell Biol. 1992;117:1031–
1040. https://doi.org/10.1083/jcb.117.5.1031
7. Davis DM, Sowinski S. Membrane nanotubes: dynamic long-distance 
connections between animal cells. Nat Rev Mol Cell Biol. 2008;9:431–436. 
https://doi.org/10.1038/nrm2399
8. Mathur J, Mammone A, Barton KA. Organelle extensions in plant cells. J Integr Plant 
Biol. 2012;54:851–867. https://doi.org/10.1111/j.1744-7909.2012.01175.x
9. Krenz B, Guo TW, Kleinow T. Stromuling when stressed! Acta Soc Bot Pol. 2014;83:325–
329. https://doi.org/10.5586/asbp.2014.050
10. Szpak M, Zagórska-Marek B. Phyllotaxis instability – exploring the 
depths of first available space. Acta Soc Bot Pol. 2011;80:279–284. 
https://doi.org/10.5586/asbp.2011.043
11. Geyler HT. Über den Gefässbündelverlauf in den Laubblattregionen der Coniferen. 
Jahrbücher für Wissenschaftliche Botanik. 1867;6:55–208.
12. Fujita T. Statistische Untersuchung über die Zahl der konjugierten Parastichen bei 
14 of 16© The Author(s) 2016 Published by Polish Botanical Society Acta Soc Bot Pol 85(4):3532
Zagórska-Marek and Szpak / Dislocations in phyllotaxis
den schraubigen Organstellungen. Botanical Magazine Tokyo. 1938;52:425–433. 
https://doi.org/10.15281/jplantres1887.52.425
13. Namboodiri KK, Beck CB. A comparative study of the primary vascular system 
of conifers. I. Genera with helical phyllotaxis. Am J Bot. 1968;55:447–457. 
https://doi.org/10.2307/2440574
14. Banasiak A, Zagórska-Marek B. Signals flowing from mature tissues to shoot apical 
meristem affect phyllotaxis in coniferous shoot. Acta Soc Bot Pol. 2006;75(2):113–121. 
https://doi.org/10.5586/asbp.2006.014
15. Gola E. Phyllotaxis diversity in Lycopodium clavatum L. and Lycopodium annotinum L. 
Acta Soc Bot Pol. 1996;65:235–247. https://doi.org/10.5586/asbp.1996.036
16. Szostak M, Zagórska-Marek B. The new patterns of phyllotaxis in juniper. In: 
Proceedings of the 51 Conference of Polish Botanical Society; 1998 Sep 15–19; Gdańsk, 
Poland. Warsaw: Polish Botanical Society; 1998. p. 481.
17. Yin X, Lacroix C, Barabé D. Phyllotactic transitions in seedlings: the case of Thuja 
occidentalis. Botany. 2011;89:387–396. https://doi.org/10.1139/B11-027
18. Zagórska-Marek B. Phyllotaxic diversity in Magnolia flowers. Acta Soc Bot Pol. 
1994;63:117–137. https://doi.org/10.5586/asbp.1994.017
19. Zagórska-Marek B. Magnolia w naturze, eksperymencie i… komputerze. 
In: Dobierzewska-Mozrzymas E, Jezierski A, editors. Przyroda i cywilizacja. 
Wrocław: Wydawnictwo Uniwersytetu Wrocławskiego; 2010. p. 39–70. (Seminaria 
Interdyscyplinarne; vol 14).
20. Zagórska-Marek B. Magnolia flower – the living crystal. Magnolia. 2011;89:11–21.
21. Zagórska-Marek B, Szpak M. Virtual phyllotaxis and real plant model cases. Funct Plant 
Biol. 2008;35:1025–1033. https://doi.org/10.1071/FP08076
22. Kwiatkowska D. Ontogenetic changes of phyllotaxis in Anagallis arvensis L. Acta Soc Bot 
Pol. 1995;64:319–325. https://doi.org/10.5586/asbp.1995.041
23. Palauqui J, Laufs P. Phyllotaxis: in search of the golden angle. Curr Biol. 2011;21:R502–
R504. https://doi.org/10.1016/j.cub.2011.05.054
24. Leyser HMO, Furner IJ. Characterisation of three shoot apical meristem mutants of 
Arabidopsis thaliana. Development. 1992;116:397–403.
25. Clark SE, Running MP, Meyerowitz EM. CLAVATA1, a regulator of meristem and flower 
development in Arabidopsis. Development. 1993;119:397–418.
26. Clark SE, Running MP, Meyerowitz EM. CLAVATA3 is a specific regulator of shoot and 
floral meristem development affecting the same processes as CLAVATA1. Development. 
1995;121:2057–2067.
27. Laux T, Mayer KFX, Berger J, Jürgens G. The WUSCHEL gene is required for shoot and 
floral meristem integrity in Arabidopsis. Development. 1996;122:87–96.
28. Schoof H, Lenhard M, Haecker A, Mayer KFX, Jürgens G, Laux T. The stem 
cell population of Arabidopsis shoot meristems is maintained by a regulatory 
loop between the CLAVATA and WUSCHEL genes. Cell. 2000;100:635–644. 
https://doi.org/10.1016/S0092-8674(00)80700-X
29. Greyson RI, Walden DB. The ABPHYL syndrome in Zea mays. I. Arrangement, number 
and size of leaves. Am J Bot. 1972;59(5):466–472. https://doi.org/10.2307/2441527
30. Greyson RI, Walden DB, Hume JA, Erickson RO. The ABPHYL syndrome in Zea 
mays. II. Patterns of leaf initiation and the shape of the shoot meristem. Can J Bot. 
1978;56(13):1545–1550. https://doi.org/10.1139/b78-183
31. Jackson D, Hake S. Control of phyllotaxy in maize by the abphyl1 gene. Development. 
1999;126(2):315–323.
32. Meicenheimer RD. Change in Epilobium phyllotaxy during reproductive transition. Am J 
Bot. 1982;69:1108–1118.
33. Coen ES, Romero JM, Doyle S, Elliott R, Murphy G, Carpenter R. Floricaula: a homeotic 
gene required for flower development in Antirrhinum majus. Cell. 1990;63:1311–1322. 
https://doi.org/10.1016/0092-8674(90)90426-F
34. Carpenter R, Copsey L, Vincent C, Doyle S, Magrath R, Coen E. Control of flower 
development and phyllotaxy by meristem identity genes in Antirrhinum. Plant Cell. 
1995;7:2001–2011. https://doi.org/10.1105/tpc.7.12.2001
35. Erbar C, Leins P. Zur Spirale in Magnolien-Blüten. Beitrage zur Biologie der Pflanzen. 
1982;56:225–241.
15 of 16© The Author(s) 2016 Published by Polish Botanical Society Acta Soc Bot Pol 85(4):3532
Zagórska-Marek and Szpak / Dislocations in phyllotaxis
36. Xu F, Rudall PJ. Comparative floral anatomy and ontogeny in Magnoliaceae. Plant Syst 
Evol. 2006;258(1–2):1–15. https://doi.org/10.1007/s00606-005-0361-1
37. Taylor GI. The mechanism of plastic deformation of crystals. Part I. 
Theoretical. Proc R Soc Lond A Math Phys Sci. 1934;145(855):362–387. 
https://doi.org/10.1098/rspa.1934.0106
38. Frank FC. Crystal dislocations – elementary concepts and definitions. Philosophical 
Magazine. 1951;42:809–819. https://doi.org/10.1080/14786445108561310
39. Nabarro FRN. Theory of crystal dislocations. Oxford: Clarendon Press; 1967.
40. Zagórska-Marek B. Phyllotaxis triangular unit: phyllotactic transitions as the 
consequence of apical wedge disclinations in a crystal-like pattern of the units. Acta Soc 
Bot Pol. 1987;56(2):229–255. https://doi.org/10.5586/asbp.1987.024
41. Zagórska-Marek B, Wiss D. Dislocations in the repetitive unit patterns of 
biological systems. In: Nation JB, editor. Formal descriptions of developing 
systems. Manoa, HI: Kluwer Academic Publishers; 2003. p. 99–117. 
https://doi.org/10.1007/978-94-010-0064-2_7
42. Williams MH, Green PB. Sequential scanning electron microscopy of growing plant 
meristem. Protoplasma. 1988;147:77–79. https://doi.org/10.1007/BF01403879
43. Adler I. A model of contact pressure in phyllotaxis. J Theor Biol. 1974;45:1–79. 
https://doi.org/10.1016/0022-5193(74)90043-5
44. Hofmeister W. Allgemeine Morphologie der Gewächse. Leipzig: Engelmann; 1868.
45. Snow M, Snow R. Experiments on phyllotaxis. I. The effects of isolating a primordium. 
Philos Trans R Soc Lond B. 1932;221:1–43. https://doi.org/10.1098/rstb.1932.0001
46. Snow M, Snow R. Minimum areas and leaf determination. Proc R Soc B. 
1952;139(897):545–566. https://doi.org/10.1098/rspb.1952.0034
47. Zagórska-Marek B. Phyllotactic patterns and transitions in Abies balsamea. Can J Bot. 
1985;63(10):1844–1854. https://doi.org/10.1139/b85-259
48. Church AH. On the relation of phyllotaxis to mechanical laws. London: Williams & 
Norgate; 1904. https://doi.org/10.5962/bhl.title.57125
49. Mirabet V, Besnard F, Vernoux T, Boudaoud A. Noise and robustness in phyllotaxis. 
PLoS Comput Biol. 2012;8(2):e1002389. https://doi.org/10.1371/journal.pcbi.1002389
50. Besnard F, Refahi Y, Morin V, Merteaux B, Brunoud G, Rozier F, et al. Cytokinin 
signalling inhibitory fields provide robustness to phyllotaxis. Nature. 2014;505:417–421. 
https://doi.org/10.1038/nature12791
51. Schoute JC. Beiträge zur Blattstellungslehre. Récueil des Travaux Botaniques Néerlandais. 
1913;10:153–235.
52. Steeves TA, Sussex IM. Patterns in plant development. 2nd ed. Cambridge: Cambridge 
University Press; 1989. https://doi.org/10.1017/CBO9780511626227
53. Reinhardt D, Pesce ER, Stieger P, Mandel T, Baltensperger K, Bennett M, et al. 
Regulation of phyllotaxis by polar auxin transport. Nature. 2003;426(6964):255–260. 
https://doi.org/10.1038/nature02081
54. Smith RS, Guyomarc’h S, Mandel T, Reinhardt D, Kuhlemeier C, Prusinkiewicz P. 
A plausible model of phyllotaxis. Proc Natl Acad Sci USA. 2006;103(5):1301–1306. 
https://doi.org/10.1073/pnas.0510457103
55. Hotton S, Johnson V, Wilbarger J, Zwieniecki K, Atela P, Golé C, et al. The possible and 
the actual in phyllotaxis: bridging the gap between empirical observations and iterative 
models. Plant Growth Regul. 2006;25:313. https://doi.org/10.1007/s00344-006-0067-9
56. Douady S, Couder Y. Phyllotaxis as a dynamical self organizing process Part II: the 
spontaneous formation of a periodicity and the coexistence of spiral and whorled 
patterns. J Theor Biol. 1996;178(3):275–294. https://doi.org/10.1006/jtbi.1996.0025
57. Smith R, Prusinkiewicz P, Kuhlemeier C. Inhibition fields for phyllotactic 
pattern formation: a simulation study. Can J Bot . 2006;84(11):1635–1649. 
https://doi.org/10.1139/b06-133
58. Itoh JI, Nagato Y. A mutation associated with phyllotaxy and leaf blade-sheath boundary 
in rice. Rice Genet Newsl. 1998;15:90–93.
59. Liao WF, Xia NH. Phyllotaxis of vegetative shoots, lamina rotation and 
their systematic implication in Magnoliaceae. Nord J Bot. 2007;25:199–205. 
https://doi.org/10.1111/j.2007.0107-055X.00058.x
16 of 16© The Author(s) 2016 Published by Polish Botanical Society Acta Soc Bot Pol 85(4):3532
Zagórska-Marek and Szpak / Dislocations in phyllotaxis
60. Stevens PF. Angiosperm Phylogeny Website [Internet]. 2016 [cited 2016 Dec 27]. 
Available from: http://www.mobot.org/MOBOT/research/APweb/
61. Lorenz EN. Atmospheric predictability as revealed by naturally occurring 
analogues. Journal of the Atmospheric Sciences. 1969;26:636–646. 
https://doi.org/10.1175/1520-0469(1969)26%3C636:APARBN%3E2.0.CO;2
62. Hernandez LF, Palmer JH. Regeneration of the sunflower capitulum after 
cylindrical wounding of the receptacle. Am J Bot. 1988;75(9):1253–1261. 
https://doi.org/10.2307/2444447
63. Intosalmi j, Manninen T, Ruohonen K, Linne M. Computational study of noise 
in a large signal transduction network. BMC Bioinformatics. 2011;12:252. 
https://doi.org/10.1186/1471-2105-12-252
64. Stoeger T, Battich N, Pelkmans L. Passive noise filtering by 
cellular compartmentalization. Cell. 2016;164(6):1151–1161. 
https://doi.org/10.1016/j.cell.2016.02.005
65. Deb Y, Marti D, Frenz M, Kuhlemeier C, Reinhardt D. Phyllotaxis involves 
auxin drainage through leaf primordia. Development. 2015;142:1992–2001. 
https://doi.org/10.1242/dev.121244
66. Prasad K, Grigg SP, Barkoulas M, Yadav RK, Sanchez-Perez GF, Pinon V, et al. 
Arabidopsis PLETHORA transcription factors control phyllotaxis. Curr Biol. 
2011;21:1123–1128. https://doi.org/10.1016/j.cub.2011.05.009
67. Pinon V, Prasad K, Grigg SP, Sanchez-Perez GF, Scheres B. Local auxin biosynthesis 
regulation by PLETHORA transcription factors controls phyllotaxis in Arabidopsis. Proc 
Natl Acad Sci USA. 2012;110:1107–1112. https://doi.org/10.1073/pnas.1213497110
68. Ljung, K. Auxin metabolism and homeostasis during plant development. Development. 
2013;140:943–950. https://doi.org/10.1242/dev.086363
69. Bartlett ME, Thompson B. Meristem identity and phyllotaxis in inflorescence 
development. Front Plant Sci. 2014;5:508. https://doi.org/10.3389/fpls.2014.00508
70. Larson PR. Development and organization of the primary vascular system in 
Populus deltoides according to phyllotaxy. Am J Bot. 1975;62(10):1084–1099. 
https://doi.org/10.2307/2442125
71. Banasiak A. Putative dual pathway of auxin transport in organogenesis of Arabidopsis. 
Planta. 2011;233(1):49–61. https://doi.org/10.1007/s00425-010-1280-0
72. Running MP, Meyerowitz EM. Mutations in the PERIANTHIA gene of Arabidopsis 
specifically alter floral organ number and initiation pattern. Development. 
1996;122:1261–1269.
73. Luo D, Carpenter R, Vincent C, Copsey L, Coen E. Origin of floral asymmetry in 
Antirrhinum. Nature. 1996;383:794–799. https://doi.org/10.1038/383794a0
74. Wróblewska M, Dołzbłasz A, Zagórska-Marek B. The role of ABC genes in shaping 
perianth phenotype in the basal angiosperm Magnolia. Plant Biol. 2016;18:230–238. 
https://doi.org/10.1111/plb.12392
75. Battey NH, Lyndon RF. Changes in apical growth and phyllotaxis on flowering and 
reversion in Impatiens balsamina L. Ann Bot. 1984;54:553–567.
